In response to the rapid development and emerging commercialization of nanoparticles, fundamental studies concerning the fate of nanoparticles in the environment are needed. Precise control over the nanoparticle size, shape, and surface coating of cadmium selenide particles modified with thiolate ligands has been used to analyze the effects of nanoparticle design on their stability in aqueous environments. Nanoparticle stability was quantified using the concept of critical coagulation concentration (CCC) in solutions of sodium chloride. These investigations characterized the instability of the ligand coatings, which varied directly with chain length of the capping ligands. The stability of the ligand coatings were characterized as a function of time, pH, and ionic strength. Ligand dissociation has been shown to be a primary mechanism for nanoparticle aggregation when short-chain (C2-C6) ligands are used in the ligand shell. Stable nanoparticle suspensions prepared with long chain ligands (C11) were used to characterize nanoparticle stability as a function of size and shape. A linear relationship between particle surface area and the CCC was discovered and was found to be independent of nanoparticle shape. Quantitative analysis of nanoparticle size, shape, and surface coating demonstrated the importance of ligand stability and particle surface area for the prediction of nanoparticle stability.
Introduction
The development of cadmium selenide nanomaterials has a 20 year history, focusing extensively on chemical control over size and shape. [1] [2] [3] [4] [5] [6] The sustained interest in these materials has been a result of their size-dependent optical properties, [7] [8] [9] [10] which make CdSe nanomaterials attractive for biological labeling 11, 12 and solar energy conversion applications. 13, 14 The resulting commercial potential for these materials has led government agencies to identify semiconductor quantum dots, including CdSe, as a class of nanoparticles whose health and environmental risks must be quantified. [15] [16] [17] Understanding nanoparticle stability within the environment is an essential first step for the evaluation of risks. [18] [19] [20] [21] [22] Nanoparticle transport through the environment will take place through waterways and aquifers. [21] [22] [23] [24] [25] [26] Hence, studies concerning the stability of nanoparticles in aqueous systems are essential for the development of predictive fate and transport models. 17, 27 Furthermore, the stability of nanoparticles has been shown to influence their toxicity, [28] [29] [30] increasing the need to understand the behavior of nanoparticle suspensions. In general, nanoparticle stability is mediated by chemical and physical properties including size, 31, 32 shape, material composition, 19, 27, 33, 34 and surface coating. 30, 31, [35] [36] [37] [38] This article highlights the role of ligand design, as well as nanoparticle shape, on the stability of nanoparticle suspensions.
Preliminary studies on the effects ligands have on CdSe nanocrystal stability have shown the important role that both pH and photochemistry play in quantum dot stability. 31, 39 These studies used chemical methods to characterize the degradation of quantum dots. Using UV-vis, Aldana et al. were able to characterize the relative stability of various size CdSe nanoparticles with shortchain thiols. They concluded that smaller particles were stable over a wider pH range because of stronger interactions between the nanoparticles and the capping agents. 31 These results, along with earlier work looking at other hydrophobic thiols in organic solutions, 39 pointed toward the primary importance of the nanoparticle/ ligand interaction in dictating the stability of nanoparticle suspensions.
Our work has focused on the kinetics of aggregation and found that the kinetic stability of ligand shells is affected by secondary interactions between ligands. These interactions were studied by varying the number of carbon atoms present between the thiol and pendant carboxylic acid. Our results demonstrated that longer ligands formed significantly more stable suspensions over a wide range of salt concentrations. This has been explained using kinetic models, rather than the thermodynamic ligand/particle interaction that was previously characterized. 31, 37, 39 This allowed the preparation of various particles morphologies which were all kinetically stable. These particles were used to demonstrate a relationship between nanoparticle surface area and nanoparticle stability.
This article has quantified stability using the critical coagulation concentration (CCC) as a metric. [40] [41] [42] The initial stages of aggregation have been monitored by dynamic light scattering (DLS), enabling the quantification of kinetic destabilization. Nanoparticle size and morphology were compared using four different CdSe particle samples (with diameters of 4 nm, 6 nm, and 8 nm, and rods of 3 × 24 nm). The influence of the ligand shell composition was studied using thiolate ligands. In particular, the effects of chain length and surface charge were studied as a function of pH, ionic strength, free ligand, and time. All of the particles in this study were synthesized in our laboratory, which enabled us to study these key parameters in a controlled manner.
Experimental Section
The following chemicals were purchased from Sigma-Aldrich and used as received: selenium powder, cadmium oxide, 11-mecaptoundecanoic acid (MUA), 3-mercaptopropionic acid (MPA), 6-mercaptohexanoic acid (MHA), mercaptopropyl alcohol (MPOH), sodium chloride, oleylamine, oleic acid, and octadecene. Dimethylcadmium, trioctylphosphine (TOP, 99%), and tri-n-butylphosphine (TBP, 99%) were purchased from Strem. Dimethyl cadmium was used as received and stored inside a N2 glovebox. Tetradecylphosphonic acid (TDPA) was purchased from Alfa Aesar. All water used was purified with a Millipore filtration system and had >18 MΩ resistivity.
A Malvern Zetasizer Nano (ZEN3600) with a 633 nm excitation source was employed for both the DLS and zeta-potential measurements. UV-vis spectra were obtained with a Shimadzu UV-3101 PCspectrophotometer. ATR-FTIR was preformed on a Perkin-Elmer Spectrum One FTIR with a HATR attachment. H1-NMR spectra were collected using a 500 MHz Bruker instrument. NMR measurements were conducted in D2O (from Cambridge isotope lab) unless otherwise noted. TEM measurements were preformed on a 200 KeV Hitachi TEM.
Dynamic Light Scattering Measurements. DLS and zetapotential measurements were obtained using a Malvern Zetasizer nano(zs). Hydrodynamic radii (Z-Average) were calculated from the correlation function using software provided by Malvern. All measurements were performed in buffered solutions (2.5 mM carbonate buffer pH = 10) with the same initial starting concentration of particles, unless otherwise noted. All experiments were run with a 7×10 -7 M particle concentration which corresponds to a number density of 4 × 10 20 m -3 . The concentration of CdSe particles was determined using UV-vis spectroscopy and the reported values for the extinction coefficients, 10 and then verified by ICP-AES. To measure the aggregation rates, readings were taken every 30 s for 15 min, and rates were then determined from the linear portion of the curve. Examples of the raw data can be found in Supporting Information ( Figure S1 ). Electrophoretic mobility measurements were carried out in the same particle solutions using the Malvern Zetasizer nano(zs) with dip cell attachment. Electrophoretic motilities were converted to zetapotentials using Henry's function and the Smoluchowski approximation for aqueous electrolytes. Examples of typical zeta-potential distributions for each nanoparticle type can be found in Supporting Information ( Figure S2 ).
Critical Coagulation Concentration Determination. Dynamic light scattering (DLS) is an effective way to characterize the rate of aggregation for monodisperse colloidal solutions. 40, [42] [43] [44] Initially, aggregation is dominated by bimolecular collisions, with a rate constant, k 11 , and activation energy, E a . The rate constant is a function of temperature, pH, and ionic strength. In particular, increasing the ionic strength decreases the electrostatic repulsion between particles, increasing k 11 . At a critical salt concentration, the barrier for particle sticking decreases sufficiently and aggregation becomes diffusion limited. The diffusion limited rate constant is (k 11 ) diff . The concentration of salt at which k 11 equals (k 11 ) diff is defined as the critical coagulation concentration. The CCC can be used to compare the relative stability of various particle morphologies as a function of ionic strength. 40, 41 The second order rate law for the two-body interaction between isolated colloids to form a dimer, as determined from previous experiments, 25, 41, 43 can be expressed as eq 1, where N 1 is the concentration of isolated particles as a function of t, and N 0 the initial concentration of particles.
During the early stages of the aggregation, the decrease in the singlet concentration will be dominated by doublet formation. As such, this equation can be expressed in terms of doublet formation whose concentration is denoted N 2 (eq 2).
It has been shown that within the Rayleigh-Gans-Debye approximation, where all of the primary scattering particles are small compared with the wavelength of the incident light, the absolute aggregation rate constant, k11, can be determined empirically using time-resolved, fixed-angle dynamic light scattering. 16, 40, 43 During the initial stages of aggregation, the change in hydrodynamic radius, rh is directly proportional to k 11 (eq 3). 25, 41, 43 Consequently, the rate of aggregation can be quantified by identifying the slope for the linear portion on a plot of hydrodynamic radius vs time (see Supporting Information, Figure S1 ). When the aggregation proceeds beyond the dimer limit r h >1.4r, the calculated value, dr h /dt, no longer represents k 11 , rather a generic initial rate of aggregation. In this study, initial rates were calculated from the linear portion of the dr h /dt curve and excluded hydrodynamic radii values greater than 1500 nm.
Synthesis of 4.1 nm CdSe Nanoparticles. Small 4.1 nm CdSe particles were synthesized using CdO and TOPSe precursors in a mixture of oleylamine, oleic acid, and octadecene. The synthesis was done in a Symyx automated nanocrystal synthesizer using previously reported procedures. 45, 46 Synthesis of 6 and 8 nm CdSe Nanoparticles. Larger CdSe particles were synthesized using a previously reported procedure. 45 In a typical reaction CdO (0.253 g, 1.79 mmol), oleic acid (1.699 g, 6.01 mmol), oleylamine (6.82 g, 25.50 mmol), and octadecene (42.5 mL) were all added to a three neck flask fitted with a condenser, septa, thermocouple, and a needle. The flask was purged with nitrogen while stirring for 1 h at 100°C to remove excess moisture. The mixture was then heated to 260°C until the mixture became clear, indicating the formation of the cadmium-oleate complex. This mixture was then cooled to room temperature while being kept under a positive pressure of nitrogen. Separately, a 1M solution of selenium in trioctylphosphine (TOPSe) was prepared by adding 0.788 g of selenium powder to 10 mL of TOP inside of a nitrogen glovebox. This mixture was stirred at room temperature until a clear and colorless solution was obtained. The TOPSe solution (3.15 mL) was then mixed with the Cd-oleate solution (49.5 mL) at room temperature under nitrogen in a syringe, attached to a syringe pump. This growth solution was set aside while the seed particles were prepared by heating the remaining 6 mL of Cd-oleate to 260°C and rapidly injecting 350 μL of TOPSe while vigorously stirring. The solution immediately turned red indicating the nucleation of CdSe particles. The initial reaction was allowed to proceed for 6 min, at which time the syringe pump began to deliver the remaining growth solution (Cd-oleate þTOPSe) at a rate of 0.125 mL/min. This slow addition was continued until all of the growth solution had been added to the reaction mixture. Following the addition of the growth solution, the mixture was cooled to 80°C, and 50 mL of toluene was added. The crude product was then fractionated with toluene and ethanol to remove excess reactants and achieve a narrow size distribution of 8 nm particles. The same reaction was stopped at 40 min to obtain 6 nm particles.
CdSe Rod Preparation. Nanorods were prepared using the more reactive dimethylcadmium precursor along with a tri-n-butylphosphine (TBP)-selenium complex and tetradecylphosphonic acid (TDPA) as the capping agent. 2 The precursor solution was prepared in a nitrogen glovebox and consisted of dimethylcadmium (0.164 g, 1.15 mmol) and selenium powder (0.09 g, 1.15 mmol), both dissolved in TBP (2.8 g, 16.4 mmol). To prepare CdSe rods, TOPO (4 g, 10.3mmol) and TDPA(0.52 g, 20 mol%) were heated to 360°C in a three neck flask fitted with a condenser, septa, and thermocouple under a nitrogen atmosphere while stirring. To this mixture, 2 g of the precursor solution was rapidly injected to initiate CdSe growth. This rapid injection caused a decrease in the reaction temperature, and further growth took place at a temperature of 290°C. After 2 min, more of the growth solution was added at a rate of 0.25 mL/min. Once the addition was complete, the reaction was heated for an additional 30 min before cooling.
Surface Modification of the CdSe Nanoparticles. Surface modification was achieved by a twophase interfacial exchange method, 47 where nanoparticles suspended in chloroform were transferred to water after ligand exchange at the water/chloroform interface. Washed CdSe nanoparticles were suspended in 5 mL of chloroform, in a 20 mL glass vial. On top of this solution was added a basic degassed aqueous solution of tertbutyl ammonium hydroxide (~50 mM) and a thiol ligand (~10 mM). This solution was stirred until the nanoparticles had transferred from the chloroform to the water layer as indicated by the red color. The water-soluble particles were then decanted and allowed to continue the exchange process overnight. Excess ligand was then removed through successive centrifugal filtrations using Amicon Ultra-15 Centrifugal filter tubes with 10,000 MWCO cellulose membrane inserts, which isolate the particles while removing the water and excess ligand. The extent of ligand exchange was followed by NMR, FTIR, and DLS where applicable.
Results and Discussion
Synthesis and Ligand Exchange. CdSe nanoparticles were chosen as a model system for this study because of their unique tunable chemical and physical properties4 and their associated potential for commercialization. Figure 1 presents TEM images of the CdSe nanoparticles employed in this study. All of the particles were prepared in-house using previously reported procedures. All of the nanoparticle samples maintained less than 10% size variation between particles (Supporting Information, Figure S3 ).
As made, the CdSe particles were capped with oleylamine, which was displaced in a biphasic ligand exchange reaction to give water-soluble particles capped with 11-mercaptoundecanoic acid (MUA). The extent of the displacement reaction was monitored by NMR (Figure 2 ). Free and bound ligands were distinguished in NMR by the peak width which showed significant broadening for ligands bound to the surface of nanoparticles. 48, 49 Figure 2a shows the as-made particles in chloroform capped with oleylamine. The broad peaks at 1.5 ppm correspond to methylene groups in the oleylamine tail, and the peak at 2.1 ppm corresponds to themethylene group next to the amine. Figure 2b provides the spectrum of the water-soluble capping agent MUA. In order to promote solubility of the MUA, a small amount of base was added to the solution. The methylene group alpha to the carboxylic acid appeared as a triplet at 2.1 ppm and served as a good marker for the exchange of oleylamine for MUA. The triplet at 2.3 ppm corresponds to the methylene group next to the thiol. Figure 2c shows the spectrum of the particles following transfer from chloroform to water. After the oleylamine was displaced by MUA, the peak corresponding to the thiol methylene disappeared because of the restricted motion near the surface of the nanoparticle. 37, 48, 49 Conversely, the carboxylic acid methylene peak at 2.l ppm broadened and remained present throughout the washing process. The remaining peaks were relatively narrow and correspond to excess MUA in solution. After successive washings to remove excess ligand (spectra 2d-e), broad methylene peaks from 1.0 to 1.5 ppm appeared, and the broad peak at 2.1 indicated the presence of the carboxylic acid moiety. Three key pieces of information were obtained through NMR analysis: (1) oleylamine has been displaced by MUA, (2) MUA bonded through the thiol rather than the carboxylic acid moiety, and (3) excess MUA was removed by repeated washing. Additional evidence of the ligand exchange was provided by ATR-FTIR which clearly shows the presence of carboxylate groups after the ligand exchange reaction (see Supporting Information, Figure S4 ).
The surface charge on each particle sample was characterized by electrophoretic mobility measurements, which were converted to zeta-potentials using the Smoluchowski approximation (Table 1) . These potentials are related to the surface charge density of the underlying particle and can be used to compare the relative surface charge densities of various particles. As seen in Table  1 , our exchange method produced similar charge densities on each type of particle. The NMR and zeta-potential measurements indicated that, although the particle samples were different sizes and shapes, these four types of particles all had similar surface chemistry. As a control, nanoparticles were capped with mercaptopropyl alchol(MPOH). Particles capped with this neutral ligand had negligible zeta potentials (0 ± 7). This supports the claim that the surface charges originate from the ligand shell rather than the underlying particle surface. Influence of Ligand Type. The nanoparticle/ligand interaction has been shown to dictate the size and shape of nanoparticles during the growth process 4,50,51 and has also been determined to affect the stability of nanoparticle suspensions. 31, 37, 39 To evaluate the nanoparticle/ligand interaction, a series of thiol terminated aliphatic carboxylic acids with varying chain lengths (C3, C6, and C11) were investigated. Immediately following the ligand exchange reactions on the 4.1 nm CdSe nanoparticle surfaces, samples made with each of the three capping agents were all shown to have the same zetapotential (see Table 1 ). Any differences in the CCC for these samples is therefore a function of the ligand/particle interaction. Ligand coatings based on longer chain ligands are expected to be more stable because of increased van der Waals interactions between neighboring hydrophobic chains.
The role of ligand dissociation in the destabilization of particles suspensions was measured by the aggregation of particles in suspensions with no added salt. Suspensions of particles with each of the ligands in pure water were monitored over the course of 12 h (Figure 3a) . These results show that even without added salt the CdSe capped with shorter chain thiols destabilized and aggregated in solution. To confirm that this destabilization was the result of ligand dissociating from the surface, excess ligand was added to the MPA and MHA solutions before the start of the 12 h reaction to ensure that the particle surface was saturated with ligands. In the presence of additional ligand, the particles showed no change in Z-average radii over the course of three days (Figure 3b ). This indicated that the difference in stability between these three ligands came from the differences in their dissociation rates. Dissociation rates for ligands on CdSe were measured for amines ligands in organic solvents and were found to be 0.01 s -1.37 . Our results for the C3 and C6 ligands indicate similar rates of dissociation, while the rate of dissociation for the C11 ligand is likely much slower given the stability of these particles.
In the case of the shortest chain ligand MPA, the excess ligand stabilized the colloid solution at an intermediate stage of aggregation. In this intermediate aggregation state, the stabilized hydrodynamic radius of the MPA particles was 114 nm (Figure 3b ), much greater than the 6-9 nm expected for a single particle with a 4.1 nm core. The larger hydrodynamic radius arises from aggregates which contain tens of particles that are able to participate in reversible binding, indicating that rapid ligand exchange and the presence of excess organic matter can lead to reversible aggregation. This behavior was not seen in particles capped with longer chain ligands, which maintained hydrodynamic radii between 7 and 10 nm.
The effect of ligand instability was quantified for these particles as a function of ionic strength. The CCC as a function of the aliphatic chain length changed dramatically for each of these ligands (Figure 4 ). Particles stabilized with shorter aliphatic chains were less stable than those capped with the longer chain ligands. The initial zeta-potential measurements (Table 1) indicated very similar surface charge densities for all of these particles. In order for aggregation to occur, charge neutralization must proceed by one of two mechanisms: (1) screening of the dielectric layer around the particles and (2) dissociation of the charged ligand from the surface. If screening of the dielectric layer were the predominate mechanism for destabilization, then zeta-potential measurements would predict similar CCCs for each of these coatings. Given the wide range of observed CCCs, the ligand dissociation mechanism must have a significant role in the destabilization and aggregation of these solutions. Further evidence for ligand exchange in nanoparticle suspensions stabilized with MPA andMHA is seen in NMR spectra (Supporting Information, Figure S4 ), where narrow peaks and the thiol methylene resonance at 2.25 ppmboth indicate the presence of free ligand in these nanoparticle solutions.
The addition of excess ligand dramatically changed the CCC for the MPA and MHA capped particles. The CCC for both the MPA and MHA coated particles increased and became comparable to the CCC for the MUA capped particles. In the presence of excess ligand, the surface charge of the MPA and MHA particles was stabilized, making charge screening the dominant mechanism for aggregation. Interestingly, the CCC of the MHA particles with excess ligand exceeded the CCC of the MUA particles. The excess MHA in solution insures the best possible surface coverage, possibly explaining the enhanced stabilization. The equivalent experiment with excess MUA is complicated by the presence of large MUA micelles which scatter light very strongly, inhibiting the collection of accurate DLS data.
For the most stable ligand, MUA, particle aggregation was monitored as a function of pH ( Figure  5 ). Solutions were prepared by adjusting the initial pH with small amounts of NaOH or HCl. Monitoring of the hydrodynamic size took place over the course of 30 days and revealed the importance of pH for the stabilization of the ligand shell. In acidic solutions, near the pKa of the carboxylic acid (4.9), the rate of aggregation was very high due to a decrease in zeta potential after protonation of the acid (see Supporting Information, Figure S6 ). At pH values above the pKa of the carboxylic acid, but less than 8.7, protonation of the particle thiolate bonds (pKa=10.5) is favorable and played a significant role in particle destabilization. In basic solutions (pH > 8.7), MUA capped particles remained stable for at least 30 days without any sign of aggregation. Interestingly, the stable cluster size also behaved as a function of pH, where lower pH values drove the equilibrium toward greater degrees of aggregation. This trend was consistent with the earlier observations with the shorter chain ligands where ligand dissociation in the case of MPA led to stable cluster sizes larger than the hydrodynamic radius of single particles.
Nanoparticle/ligand interactions are often incorrectly thought to be static. The dynamic nature of these interactions makes nanoparticle stability quite sensitive to the solution composition. Even small changes in the surface coating have been shown to significantly change nanoparticle stability as a result of both primary particle/ ligand interactions and secondary ligand/ligand interactions. In the case of short chain ligands, dissociation has been shown to be a primary mechanism for nanoparticle aggregation. When longer chain capping agents are used, the stability of the nanoparticle/ligand interaction increases, making charge screening the dominant destabilization mechanism.
Size and Shape Effects. Quantitative relationships between size and stability are important for understanding the potential risk of nanoparticles in the environment. Size dependent chemical and physical properties for CdSe have been reported 5, 6 including a recent review 52 which indicated that factors such as size, shape, surface coating, and stability all influence the toxicity of CdSe nanoparticles. Peng and co-workers have shown that for small CdSe particles the stability of the particles was related to size because of changes in the electronic structure of the nanoparticles. 31 They concluded that the bond strength between the NP and thiolate was stronger for smaller particles because of increased overlap between the bonding orbital on the sulfur and the conduction band of the CdSe. Their results presupposed that ligand dissociation rather then charge screening was the dominant destabilization mechanism. This is likely true for the short chain ligands used in their study, but this explanation alone does not adequately predict the behavior of larger ligands, such as MUA. In order to determine the effect of size and shape on screening dominated destabilization, we used MUA capped particles, which experience very little ligand dissociation even after 30 days at pH 10 ( Figure 5 ).
The CCC was determined for solutions of 4.1, 5.8, and 7.8 nm spheres, along with rods which were 2.9 × 24 nm. The 4 nm particles were the most stable and had a CCC of 425 mM NaCl, while the larger 8 nm nanocrystals aggregated in lower ionic strength solutions with a CCC of 200 mM NaCl (Figure 6a ). As expected, the (k 11 ) diff increased with increasing hydrodynamic radius of the particles. Interestingly, the CCC did not follow the same trend. The rods, which had a much larger hydrodynamic radius (32 nm), had a CCC between the 4 and 6 nm spheres. In addition to different particles sizes, there were also different surface areas for each of these samples. When the CCC was expressed as a function of the specific surface area (m2/g), then a simple trend emerged (Figure 6b ). For the range of particles examined, the CCC follows the expression CCC=1.54a, where a is the specific surface area expressed as m 2 /g.
According to DLVO theory, the stabilization of charged colloids has been shown to be a function of two opposing forces: electrostatic repulsion and van der Waals attraction. 41, 42 The zetapotential measurements showed that for each particle type the surface charge density was the same. Consequently, the electrostatic stabilization potential for each particle will be a function of the surface area. The linear dependence on surface area will therefore be expected for classes of nanoparticles with the same composition because the attractive van der Waals force will depend solely on particle morphology. Further work is currently underway to determine the limits of this linear relationship and to understand what role changing the nanoparticle material will have on this relationship.
Conclusions
Ligand design influences the kinetic stability of these nanoparticles. We have shown that in addition to binding strength, secondary factors, such as chain length, play an important role. Additionally, we have shown that for kinetically stable systems (minimal ligand exchange) that the most important factor in predicting stability is the surface area of the particles. The relationship between the surface area and particle stability provides a practical way to estimate the stability of nanoparticles using a readily measurable quantity. These general relationships will be useful references for material scientists to create more environmentally friendly nanomaterials and for environmental scientists to predict the fate and transport of nanoparticles. 
